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a b s t r a c t

In the present study, a review of the lignite-based electricity generation in Greece is presented. By using
real, long-term data concerning the national electricity generation and an appropriate mathematical
model developed from first principles, it is expected that the lignite’s depletion time shall vary from
25 to 50 years. Acknowledging its finite character, an investigation is carried out in order to assess the
future prospects of lignite in the national electricity status. For this purpose, emphasis is also given on
the impacts entailed by the former exploitation for electricity purposes on both the local environment
and the national economy.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The Greek electricity generation system (EGS) divided in two
discrete sub-sectors, i.e. the interconnected mainland electricity
production network and the corresponding non-interconnected
Aegean Archipelago islands, not only demonstrates a geographical
demarcation to account, but also supports the parallel operation of
two entirely different electrical systems to be considered. With re-
gards to the Archipelago region, the approximately 250 thermal
power units [1] comprise 13 Autonomous and 19 Local Power Sta-
tions on top of the Crete island autonomous power network [2], all
operating on the basis of imported amounts of diesel and heavy oil.

On the other hand, the mainland’s electrical grid is mainly sup-
ported by 15 major thermal power stations (TPSs) rated at
8200 MW, with 13 of them owned by the Greek PPC (Public Power
Corporation), see also Fig. 1. The existing electricity generation
units are mainly based on the local lignite reserves – eight (8)
power stations with 5300 MW of installed capacity – while the cor-
responding capacity share for the oil and natural gas along with the
combined cycle stations operating reaches 2900 MW. More specif-
ically, the lignite-based power stations include the TPS of Agios
Dimitrios (5 units) 1600 MW, the TPS of Kardia (4 units)
1200 MW, the TPS of Aminteo (2 units) 600 MW, the TPS of Ptole-
ll rights reserved.

: +30 210 5381467.
maida (4 units) 850 MW, the TPS of Megalopolis (4 units) 850 MW
and the more recent one of Florina (1 unit) 330 MW.

In the interconnected electrical system one may also find fifteen
(15) large hydropower stations in conjunction with several (50)
other small ones with total capacity 3100 MW [3]. Apart from
the hydro power units, additional RES contribution ascribed to
the mainland’s grid derives either from the more mature wind
power generation or from biomass, supported by approximately
580 MW and 25 MW of installed power, respectively [4,5].

In Fig. 2a, one may configure the increasing rate of national
electricity consumption demand during a 45 years time period,
also involving the first stage of domestic electrification. Mean-
while, the electrical demand time evolution described by a mean
annual increase rate of 4.0%, well represents the last 25 years un-
der study. The corresponding percentage for the coming decade
is estimated at an annual increase of 2–3% [4,6], although the
authors expect a slightly higher value (�3.5%). This continuously
increasing electricity consumption is divided almost equivalently
between the domestic sector (32.7%), the industrial sector
(28.0%) and the commercial use (28.9%), see also Fig. 2b [7]. During
the same period of time (1960–2005), the local lignite’s electricity
generation contribution identifies its leading role in the national
electricity system development, strongly supporting the significant
progress noted in every aspect of every day living as well. More
specifically, for the overall period examined, a mean contribution
share of 55% is to be considered, while, when accounting for the
years since 1980, the corresponding value is estimated at 66%. Note
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Fig. 1. Major thermal power stations operating in Greek mainland.
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finally that the current lignite-based and RES-based electricity gen-
eration represents almost 65% of the total national consumption.
On the other hand, the contribution of imported natural gas and
oil is almost 30%, while the net electricity imports from the neigh-
bor countries vary between 3% and 5%.

Emphasizing on the important role of lignite in the course of
time, the current study aims to underline the urgency of adopting
certain strategies so as to ensure the local reserves’ depletion time
extension. Consequently, the need for maintaining the national en-
ergy reserves that should meanwhile be supported by a corre-
sponding rational exploitation is thought to be of primary
concern for the country’s best interest. For this reason, in the pres-
ent study, a recording of the proved and potential national lignite
reserves along with the presentation of a depletion time-model
considering different application scenarios, are both available. A
presentation of the Greek lignite characteristics involving an anal-
ysis concerning the environmental impacts caused by the lignite
usage and a discussion whether lignite suggests a financially ben-
eficial energy source for the national economy is also provided (i.e.
examination of the macroeconomic cost, the real energy price, the
cost of enhancing the lignite technology and the cost of substitut-
ing lignite).
2. Greek lignite characteristics

Presently, the proven national reserves’ estimations support the
existence of almost 5 billion tones of lignite scattered in the entire
Greek region [8]. However, according to the nowadays techno–eco-
nomical status, the potential quantity of lignite to be exploited is
equal to 3.2 billion tones [9], 63% of which exclusive rights have
been accorded to the Greek P.P.C. The main deposits (Fig. 3) are lo-



Greek Electricity Generation Time Evolution (1960-2005)
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Fig. 2a. Greek electricity generation time evolution.

Fig. 2b. Greek electricity consumption analysis by sector based on [7].
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cated in the areas of Ptolemaida, Amynteo and Florina (West Mac-
edonia) with a total of 1.9 billion tones, while the corresponding
deposits of Drama and Elassona have a content of 900 and 170 mil-
lion tones, respectively. Additionally, in the Megalopoli area in
Peloponnesus, the amount of the existing lignite reaches 240 mil-
lion tones. In 2005, Greece, being the second biggest producer of
lignite in the EU and sixth worldwide, extracted almost 70 million
tones of lignite leading to the country’s ranking at the tenth place
concerning the lignite electricity contribution share [10]. Mean-
while, the up to now national cumulative lignite production repre-
sents approximately 1/3 of the total proven reserves.

As far as the local lignite’s quality characteristics are concerned,
the calorific value is kept quite low, ranging from 900 to 1,100 kcal/
kg in the areas of Megalopoli, Amynteo, and Drama, to 1,800–
2,300 kcal/kg in Florina and Elassona with the Ptolemaida lignite
presenting calorific values between 1,250 and 1,350 kcal/kg. Mean-
while, the average calorific value time evolution (Fig. 4) demon-
strates the local reserves’ gradual degradation [11]. An example
encounters the West Macedonia case in which regional reserves
tend to present a degradation of 100 kcal/kg (from an average of
1,200–1,300 to a corresponding 1100–1200 kcal/kg). The potential
operation of new mines on the other hand (Drama, Elassona) may
promise for the slight improvement of the local lignite’s energy
content [12].

Another factor describing the quality of existing reserves is the
moisture content. A wide range of moisture content values,
depending on the area of extraction, varies from 9% to 66% and
gives a sample average of 38%. Besides, the corresponding ash
range may be defined by a mean percentage of 22% for 14 areas
considered [13–15]. On the other hand, the low sulphur content,
comprising one of the local lignite’s environmental advantages
[16], varies from 1% to 6.4% with Megalopoli giving the greatest
analogy in volatile sulphur (greater than 86%) and the Ptolema-
ida–Amynteo basin presenting the corresponding lowest.

To have a direct comparison of the Greek lignite’s main quality
characteristics against the corresponding values describing the re-
serves found in different areas worldwide the following qualitative
Fig. 5, based on information given in Kavouridis et al. [17], may be
presented. As it may be easily configured, the two major providers
of the local lignite reserves, i.e. Ptolemaida and Megalopoli, dem-



Fig. 3. Lignite national reserves [9].
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onstrate high moisture contents, low calorific values and moderate
ash contents. Concerning the Aliveri (Euboea) lignite, the latter
seems to be the most attractive version of the local coal to keep
in mind; however the corresponding reserves have already been
exploited.
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3. Pros and cons of local lignite utilization

The advantages accompanying the Greek lignite’s electricity
generation are mainly ascribed to the latter indigenous character,
decreasing several of the externalities’ impact and having up to
f the Local Lignite's
 Calorific Value
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ignite’s average calorific value.



Fig. 5. Main characteristics of lignite samples across the world, based on [17].
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now resulted in ensuring a quite attractive and steady price per
kWh of electricity provided to the final consumption (52% less than
the average EU-15 retail price) [18]. Moreover, the technological
background established in the meantime also suggests a significant
parameter for the lignite’s prominence. With regards to the above,
by exploiting the local lignite reserves, the macroeconomic cost
(exchange loss, political dependency, etc.) being attributed on im-
ported fuels is currently zeroed. According to studies conducted
[19] and realizing a comparison among different countries and
sources of electricity generation, the social–environmental cost is
thought to be the local lignite’s Achille’s heel (especially when
compared with its present market competitor, i.e. natural gas).
The minimum risk of supplying electricity along with the regional
development encountered in the areas of exploitation – both
briefly analyzed in the next paragraphs – have partly compensated
for the impacts affecting the local environment. Concerning the lat-
ter, an integrated life cycle (LC) approach should suggest the
recording of impacts into every stage of the production chain
(extraction–refining, transportation, plant operation, wastes dis-
posal, construction and decommissioning of the plant).

3.1. Major environmental impacts

The impacts acknowledged for the lignite’s utilization imply air
emissions production, water resource use, hot water discharges,
solid waste generation and land resource use. Actually, when lig-
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Fig. 6. The contribution of lignite in the
nite is burned, remarkable quantities of carbon dioxide, sulphur
dioxide, nitrogen oxides, and TSP are released [16,20–22]. Addi-
tionally, the chemical and mineralogical composition of the fly
ash reveal properties of environmental and health concern [23–
25] that suggest the adoption of appropriate treatment actions
[26], also promising for better combustibility characteristics [27].
Transport activities (conveyor bets, trucks, power plant construc-
tive materials) as well as the loading and unloading procedure of
the lignite fuel cycle also constitute a source of airborne emissions
[28]. Concerning water resource use, considerable water quantities
necessary for the purification of lignite after its extraction, as well
as for steam and cooling generation, serve for the power plants’
needs. In addition, if the water used is discharged back into the
environment, the lignite’s mining may cause the contamination
of water quantities with heavy metals. Next, the hot water wastes
produced from power plants and afterwards deposited, disturb the
local environment’s stability. The production of solid wastes in-
volves ash generation and bulk inert materials contained in the lig-
nite while the land use encounters the contamination of soil, the
area disturbance due to surface and underground mining, and fi-
nally the lowering of groundwater tables [28].

To be more explicit, as far as the air emissions are considered,
1 tonne of CO2 [20] is the expected amount for the production of
1 MWhe coming from the lignite’s combustion while at the same
time, for the same electricity output, the corresponding amount
produced from natural gas is approximately 490 kg of CO2 per
MWhe. Less incriminatory data are attributed to the SO2 and NOx
emissions, still however showing the comparatively more ‘‘hostile”
character of lignite against the local environment.

In this context, it is important to mention that electricity gener-
ation is found responsible for almost 55% of the national CO2 pro-
duction, with approximately 60% of the former referring to lignite
(see also Fig. 6). Therefore, unless radical changes take place as far
as the Greek electricity fuel mix is concerned, one may easily con-
clude that no CO2 increase deceleration is to be noted, this entail-
ing some serious worry concerning the compliance with the
national Kyoto commitments. In fact, the +25% emissions’ target
set for the period 2008–2012, always with regards to the 1990 lev-
els, is currently expected to finally reach the levels of 40% during
the remaining time.

In addition, the major contribution of lignite-fired power sta-
tions to the electricity generation in Greece together with the high
sulphur content of the locally extracted fuel, especially in South
Greece, also indicate that the electricity sector is the main respon-
sible for the SO2 emissions [16]. Note that the range of the SO2
2 Emissions Vs National CO2 
 (1990-2003)

1997 1998 1999 2000 2001 2002 2003
Year

s (Mt)

national carbon dioxide emission.
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emission factor is quite broad with the highest of values determin-
ing the operation of South Greece power stations (Megalopolis)
lacking integrated anti-pollution measures, even achieving values
equal to 50 kg/MWh. Unless the appropriate desulphurization
equipment is installed in certain lignite power stations [29] the
amount of annual SO2 emissions, remaining relatively stable over
the last years at 350 ktons (approximately 280 ktons due to lignite,
see also Fig. 7) and representing 80% of the corresponding national
releases, is not expected to be reduced.

Furthermore, despite the introduction of natural gas in the local
electricity market, the NOx emissions are gradually increasing with
time [21]. More specifically, the annual NOx production by the
Greek electricity generation system exceeded 70 ktn during the
period from 2000 to 2002, marginally violating the emissions ceil-
ings of both 88/609 and 2001/80 EU Directives. Given that over 90%
of the national electricity production is based on carbon containing
fuels, a continuous effort on diminishing the release of nitrogen
oxides should be made, so that local electricity generation sector
may accomplish the Large Combustion Plants Directive (2001/80/
EC).

Finally, despite the fact that most of the Greek power plants are
equipped with high retention efficiency electrostatic precipitators,
fly ash particles are still emitted in the atmosphere due to the high
rates of lignite consumption and the operation of low-efficiency
precipitators. Thus, fly ash emission remains one of the most
important environmental impacts of local lignite utilization.
According to the most recent available information approximately
13 Mtons of fly ash are produced annually in Greece [30,31], while
the contribution of the Ptolemaida lignite field approaches
8 Mtons/year. At this point it is important to mention that fly ash
particles are considered by many experts [23–25,32] as extremely
contaminating, being also associated with respiratory and cardio-
vascular diseases [33]. In fact, according to the results of Sichletidis
et al. [34], a high prevalence of rhinitis and infectious bronchitis of
children residing in Western Macedonia were attributed to the
heavy environmental pollution. Additionally, fly ash may also con-
tain considerable levels of radioactivity, this suggesting high health
hazards, especially for the power plants personnel [35]. As far as
the utilization or disposal of fly ash is concerned, fly ash utilization
worldwide is only slightly above 30% [36], while the remainder is
disposed in landfills and fly ash basins or in extreme cases dumped
at sea. Regarding the fly ash produced from Greek power stations,
the relatively high uptake abilities and the low mobility of toxic
elements [37] allow the use of fly ash in several applications such
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as adsorption materials, sewage treatment, land filling and cement
and concrete production.

3.2. Major macroeconomic impacts

Beyond the quantification of the main environmental impacts,
the investigation of financial damage and benefits deriving from
the local lignite’s usage is also necessary in order to get a clear pic-
ture concerning the presence of lignite in the national electricity
generation scenery.

At first, emphasis should be laid on the European Union Emis-
sion Trading Scheme implying, apart from the environmental im-
pacts caused by the use of lignite, serious financial surcharge.
Actually, this damage is strongly depended on the rather unstable
allowances price of CO2 emissions even crashing down to 0.13 €/t
during June 2007, having peaked at 30 €/t a year before. Neverthe-
less, estimations and forecasts [38] concerning the future CO2

allowance price converge at a range of 20–30 €/t up to the year
2012 (signalling the end of the second trading period 2008–
2012), thus sounding the alarm for the corresponding emissions’
reduction.

In this context, many argue [39] that the price to pay for avoid-
ing 1 tonne of CO2 emitted by a conventional lignite station, among
other solutions to undertake, strongly supports for the latter
enhancement or even substitution by alternative thermal stations
(such as combined cycle units operating on natural gas), with
mechanisms for capturing CO2 suggesting a cost of 25–40 €/t of
CO2 avoided. On the other hand, the implementation of new
renewable energy installations is described by rather higher corre-
sponding costs. However in order for the Kyoto dictations to be sat-
isfied the partial reduction of CO2 emissions achieved by the use of
more efficient measures concerning the existing power stations,
although seeming to be more cost-effective, is not thought to be
adequate. For this reason, more radical measures to be undertaken
require the adoption of renewable energy technologies. In fact,
according to Tsoutsos et al. [40], in order to achieve to a full extent
the target up to 2010, an additional investment cost of some
1.6 billion € on RES projects is required. On the other hand, Tigas
et al. [41] claim that to shoulder the responsibility of fulfilling
the Kyoto commitments for the same time period, 2–2.5 billion €

of investments are required in the field of RES, cogeneration and
energy saving.

Another aspect of the discussion whether lignite should be con-
sidered as beneficial for the local electricity generation sector calls
DUCTION OF SO2 

CTRICITY GENERATION 

1999 2000 2001 2002
Year

Lignite Powered Stations
Total Electricity Generation

national sulphur dioxide emission.



J.K. Kaldellis et al. / Fuel 88 (2009) 475–489 481
on the investigation of macroeconomic cost. The macroeconomic
cost results if quantifying and accumulating parameters like the
trade equilibrium burden, the country’s dependence on other en-
ergy centres, the indigenous and global gradual depletion of the
energy deposits, as well as the unemployment decrease and the
gross domestic product increase. As already mentioned, since lig-
nite comprises an indigenous energy resource, the arising macro-
economic advantages are more than evident and can only be
displaced by the ‘‘infinite” renewable energy sources exploitation.
For instance, if half the electricity generation ascribed to lignite
(�17 TWh) was to be substituted by imported oil, some 5.5–
6 Mtons necessary per annum would imply a national debt of
around 2.2 billion € per year, currently being avoided. Similar are
also the amounts of imported natural gas that may be alternatively
avoided due to the systematic exploitation of local lignite reserves
for electricity generation. In this context, in Figs. 8a and 8b one
may encounter the avoided amount of both imported oil and nat-
ural gas over the last 25 years, and easily draw the corresponding
financial benefit deriving from the utilization of local lignite. Be-
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Fig. 8a. Avoided oil imports due to
sides, one should not disregard that apart from the cost deriving
from net imports, the infrastructure necessary for the shift (new
power plants, modification of already existing, pipelines, etc.)
should be considered as well.

Another important macroeconomic topic is the cost of fly ash
disposal, or in other cases the potential value of the fly ash used
as raw material. Actually, the cost of fly ash disposal is directly
related to the method adopted, while the transportation require-
ments should be considered as one of the major cost compo-
nents [42]. In this context, since the disposal of fly ash as a
by-product is becoming an increasing economic and environ-
mental burden, the utilization of the former as a resource of
value-added products is of paramount importance [43]. More
specifically, the utilization of fly ash as a raw material in specific
industrial sectors (like cement industry) illustrates how useful
fly ash can be. Note that using published data from the cement
industry the value of fly ash may be increased from effectively
zero to $80 per tonne [44] (strongly depending on the current
price of cement).
 Gas Imports (1980-2005)
ignite Utilization

1995 2000 2005
Year

e to the utilization of local lignite.

-2005) due to Lignite Utilization
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Beyond these, the local societies’ gaining from the operation of
lignite power stations is another dimension, often obscured by is-
sues dealing with environmental degradation. As Lalasidis [45]
points out for example, the prefecture of Drama where high levels
of unemployment may be encountered (�15%), could benefit from
the exploitation of the local lignite deposits and the installation of
a new 300 MW lignite-fired power station, promising for the
employment of approximately 1800 local habitants with the corre-
sponding investments estimated to exceed 2 billion €. Potential
attraction of industries exploiting the products and by-products
of lignite utilization (ash exploitation, thermal energy recovery,
etc.) may also be encountered in the broad area, this also leading
to the local society development booming. Additionally, tech-
niques concerned with the use of lignite for environmental pur-
poses [46,47] and energy production methods that support the
use of cleaner fuel mixtures [48] demonstrate the wide range of
potential applications.

Accordingly, by also counting in the financial cost aspect involv-
ing the components of extraction stage, process to end-use, trans-
portation, total procedure support and taxation, a comparison on a
real energy price basis among the different energy sources shall
designate lignite as the most cost-effective form of electricity pro-
duction. This may justify the fact that although the shift towards
natural gas and renewable energies in the electricity sector did
led to the reduction of approximately 9000 kt of CO2 in the period
1990–2002 [49], the presence of lignite still remains strong. Never-
theless, if considering some of the major benefits and drawbacks
previously discussed, one should see that the prescription of an en-
ergy planning that is flexible and still committed to both virtual
and procedural national obligations demands for a more sceptical
way in handling lignite’s exploitation.

4. Lignite consumption time evolution

As already discussed in the introduction section, the national
electricity demand is well described by an increasing rate of 4%,
representing the period 1980–2005 and presenting a relative sta-
bility during the last years. The corresponding average mean an-
num increase of lignite during the same period is around 5.7%,
however shifting to milder values (�3%) in the most recent years.
In Fig. 9 one can notice the highly variable behaviour of both in-
crease rates investigated in the course of time, i.e. annual lignite
electricity generation and annual national electricity generation
rates. As concluded from this figure, more intense fluctuations
are to be considered for lignite in the early years of electrification,
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Fig. 9. Annual increase–decrease rates of national
while a more mild variation trend is noted in the most recent per-
iod examined, during which the lignite rate seems more adjusted
to the one describing the national electricity demand. It may also
be configured that during the most recent years (since the nineties)
a more flexible fuel mix to be considered has lead to the lignite’s
generation gradual stabilization, currently following a behaviour
more close to the one of the national demand trend.

A more detailed investigation suggests the examination of the
local lignite’s contribution in terms of electricity production effi-
ciency. More specifically, an efficiency coefficient ‘‘gk” describing
the entire electricity production chain based on lignite may con-
sider the two edges, i.e. the lignite quantity extracted ‘‘Mk” and
the corresponding net electricity provided ‘‘Ek” to consumers. In or-
der to calculate the above coefficient (tones/TWh) one should take
into account the lignite production (extraction) rates and the cor-
responding values concerning the net electricity generation by lig-
nite. The calculation period selected refers to the years from 1994
to 2005. Note that in 1994 the contribution of the lignite presented
one of its peaks and since then a slight contribution decrease has
been noted, mainly due to the natural gas entering the market dur-
ing the same period (since 1996). A second reason for selecting the
specific period is that it can be thought as quite recent, therefore
considering both the quality degradation of the lignite reserves left
and the technology progress encountered.

To illustrate the above, the following Fig. 10 has been created.
As expected, there is a strong relevance between the time evolu-
tion of the reserves’ calorific value and the corresponding electric-
ity generation covering the proportion of demand ascribed to
lignite. For greater calorific values given, a lower efficiency coeffi-
cient value is to expect and vice versa. A mean efficiency coefficient
(lignite specific consumption) obtained assumes that for the gener-
ation of 1 TWhe, an amount of 2.08 million tones of lignite is
needed. Additionally, since no obvious influence seems to be no-
ticed, what can be said in concern to the utilization of lignite for
electricity generation is that during the recent years a significant
technological development in the corresponding production sector
should not be considered. On the contrary, a prospect of improving
the efficiency of old lignite stations, currently described by an aver-
age 32–33%, to a potential 40% exhibited by new technologies’
incorporation, will, apart from a greater utilization rate of lignite,
lead to the stabilization of the emissions’ production rate [12].

In respect of the above, the natural gas entering the market
since 1996 has lead to a cut-back of the lignite’s and oil’s contribu-
tion shares in the national electricity fuel mix (Fig. 11). Presently,
the power share of natural gas units, including the combined cycle
ration and Lignite-based 
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stations existing, reaches a total of nearly 2,140 MW. In accordance
to the future national energy planning [6], the capacity of natural
gas units to be employed (mainly combined cycle stations) may ex-
ceed 5,000 MW, therefore an estimated contribution of approxi-
mately 25% demand coverage deriving from the more expensive
and imported natural gas quantities is the upper limit to keep in
mind. A third side involved in the national electricity fuel mix,
i.e. the RES generation sector development may also play a leading
role in the electricity field. Since the new law enactment (law
3468/06) [50], the beneficial character of potential investments
may be thought as established. The variable output of such power
stations on the other hand comprises the restrictive factor of these
specific technologies.

In conclusion, a sustainable national energy strategy in the view
of the local market’s liberalization, must confront the need of both
retaining an indigenous character that is devoid of the warps en-
tailed in greater dependency states and extend the national re-
serves’ depletion-expectancy. In the following paragraphs, an
effort to investigate the depletion scenarios of lignite aspires to
designate certain proposals regarding the planning and adminis-
tration of natural energy resources in Greece.
5. Lignite reserves depletion model

To determine the depletion time of the local lignite reserves an
appropriate model has been developed from first principles. The
parameters taken into consideration are the proven lignite re-
serves’ energy content ‘‘Etn” expressed in terms of potential elec-
tricity generated, the national electricity demand ‘‘Eo” for a given
base year and the coefficient ‘‘b” describing the participation of
all the other energy sources (excluding lignite, i.e. lignite contribu-
tion equals (1�b)) on the domestic electricity production. Addi-
tionally, one should also introduce the coefficients ‘‘ei” and ‘‘ni”,
describing the annual (during the year ‘‘i”) electricity generation
increase (or decrease) and the annual lignite substitution rate from
all other electrification sources (natural gas, wind energy, solar en-
ergy, etc.), respectively.

In this context, the national electricity generation share covered
(during the reference year i = 0) by lignite, i.e. ‘‘El(o)” is given as

ElðoÞ ¼ Eo � b � Eo� ¼ ð1� bÞ � Eo ð1Þ

Accordingly, by introducing the above mentioned annual electricity
generation increase and lignite substitution rate coefficients (ei, ni),
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the corresponding share of lignite-based electricity generation con-
cerning the year following, ‘‘El(1) ‘‘, may be estimated

Elð1Þ ¼ Eo � ð1þ e1Þ � b � ð1þ e1Þ � ð1þ n1Þ � Eo ð2Þ

Similarly, the contribution of lignite in the national electricity de-
mand for any given year (i = n), ‘‘El(n)”, can be expressed as

ElðnÞ ¼ Eo �
Yi¼n

i¼1

ð1þ eiÞ � b � Eo �
Yi¼n

i¼1

ð1þ eiÞ � ð1þ niÞ
 !" #

ð3Þ

Finally, in order to determine the cumulative consumption of lignite
‘‘Eln” (including the reference year ‘‘o”) in a n-years period, a sum-
mation of the examined years’ annual consumption has to be real-
ized, i.e.

Eln ¼
Xj¼n

j¼0

ElðjÞ ¼ ElðoÞ þ Elð1Þ þ . . .þ ElðnÞ ð4Þ

or equivalently

Eln ¼ Eo � 1þ
Xj¼n

j¼1

Yi¼n

i¼1

ð1þ eiÞ
 !" #(

�b � 1þ
Xj¼n

j¼1

Yi¼n

i¼1

ð1þ eiÞ �
Yi¼n

i¼1

ð1þ niÞ
 !" #)

ð5Þ

By determining the expected depletion time of available lignite re-
serves, one can compare the result obtained from Eq. (5) with the
corresponding proved (techno–economically feasible) national re-
serves’ equivalent electricity generation content. In any case, a mar-
ginal exploitation coefficient (safety factor) ‘‘SF” implying the
importance of certain strategic reserves to be preserved has to be
introduced. Note that the safety factor ‘‘SF” expresses the need for
sustaining strategic lignite stores that serve a twofold purpose
within the limits of security of supply. More specifically, the strate-
gic reserves are required in order to both meet an off-schedule de-
mand (standby units are prerequisites) and deal with potential
energy imports’ supply interruptions resulting either from a supply
failure or a purposeful reduction with political ends. Any case given,
the existence of strategic lignite reserves provides the country with
a certain level of independency, a respectable energy planning
redefinition period and the potential to negotiate on a more disen-
gaged basis. Finally, ‘‘SF” may equally well compensate for the pos-
sibility of an exaggerated lignite reserves’ exploitation cost
appearing due to the gradual quality degradation impact prohibit-
ing (on techno–economic basis) the total reserves utilization. Con-
sequently, the depletion time requested may be estimated using
Eq. (6), i.e.

Eln 6 Etn � ð1� SFÞ ð6Þ

In order to also account for the fact that additional exploitable lig-
nite reserves may be found in the Greek territory during the ‘‘n”-
year period, one should introduce the coefficient ‘‘kj” describing
during the year ‘‘j”

(a) The annum rate of finding new deposits.
(b) The domestic lignite exploitation efficiency improvement.
Table 1
Base scenario – involved parameters’ representative values

Parameters Eto (TWh) Eo (TWh) SF (%)

Central value 1923 57.8 20
Min value
Max value
(c) The electricity generation efficiency improvement for the
lignite-fired power stations (including quality change –
according to the law of gradual degradation for the natural
resources’ reserves – technology improvements, loss
decrease, etc.).

As a realistic case study one may introduce a yearly reduction
rate ‘‘dk” ascribed to ‘‘kj” (e.g. dk = 0.1%) and supporting the law
of gradual degradation for the natural resources’ reserves (first
approximation). Accordingly one may write

kj ¼ ko � dk � ðj� 1Þ if kj P 0 or kj ¼ 0 ð7Þ

Consequently, since accepting that the national lignite reserves can-
not remain constant in an n-years period to investigate, the latter
may be determined according to the following equation:

Etn ¼ Eto �
Yn

i¼1

ð1þ kiÞ ð8Þ

with ‘‘Eto” representing the proven reserves’ quantity at the year of
reference ‘‘o”.

The proposed model in its complete form can solve the general
problem of lignite reserves depletion time once the time series of
the parameters involved have been defined. However, in order to
obtain a closed analytical solution and since one cannot easily fore-
cast the time series of the parameters ‘‘ei” and ‘‘ni” involved, a first
approximation of the mean long-term annual values for these coef-
ficients, i.e. �e and �n, respectively, may be utilized, hence the final
equation for the lignite’s time of depletion is given [51] as

Eo �
ð1þ eÞnþ1 � 1

e
� b � ½ð1þ eÞ � ð1þ nÞ�nþ1 � 1

eþ n � ð1þ eÞ

" #

6 Eto �
Yn

i¼1

ð1þ kiÞ � ð1� SFÞ ð9Þ

It is important to mention that the solution of the above non-linear
equation is derived by using an iterative algorithm and the appro-
priate numerical techniques on the basis of a trial and error
approach.

6. Application results and sensitivity analysis

To investigate the involved parameters’ impact on the domestic
lignite depletion time determination, representative values
describing the national electricity scenery will be adopted. Conse-
quently, a base scenario used as a yardstick will be introduced in
the application model previously analyzed. More precisely, the val-
ues undertaken and describing the national electricity sector’s sta-
tus quo are cited in Table 1. Accordingly, a sensitivity analysis
investigating the impact of the above mentioned major variables
will then be realized. In this context, the variables presently stud-
ied are the following:

� The mean annual escalation rate of national electricity genera-
tion ‘‘e”.

� The mean annual rate of lignite’s substitution by other energy
sources ‘‘n”.
e (%) n (%) k (%) dk (%) b (%)

3 1 3 0.1 34
1 0 0
7 2 5
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� The mean annual rate of lignite’s reserves electricity content
increase ‘‘k”.

� The total base year lignite’s proven reserves ‘‘Eto”.

Before proceeding to the analysis to be accomplished, a remark
in concern to the energy content ascribed to the local lignite’s pro-
ven reserves is thought to be necessary. More specifically, the pro-
ven reserves’ value currently introduced supports the estimations
for 5 billion tones of lignite existing. Therefore, by adopting the
average lignite specific consumption coefficient already deter-
mined, i.e. 2.08 million tones/TWhe, as well as the marginal exploi-
tation coefficient (SF = 0.2), the electrical energy content of the
existing lignite deposits ‘‘Eto” may be defined, i.e. Eto � 2000 TWhe,
Table 1.

6.1. Annual escalation rate of national electricity generation ‘‘e”

In Fig. 12, one may observe the impact of a varying annual esca-
lation electricity generation rate on the domestic lignite existing
reserves depletion time. As expected, by increasing the value of
‘‘e”, the depletion time of lignite decreases. For example, if a value
of e = 3% is assumed, then the estimated depletion time equals to
44.9 years. Moreover, by decreasing the rate of electricity demand,
the depletion time extends significantly, i.e. if ‘‘e” becomes 1%, then
the expected time for the lignite to last is 74.5 years. In conclusion,
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Fig. 13. Effect of lignite’s annual substitutio
if a non-exhaustion perspective is to purchase, the annual rate of
national electricity generation alone should be described by nega-
tive values only. Towards the direction of reducing ‘‘e”, the imple-
mentation of energy saving policies and measures is essential.
However directives such as 2000/55/EC, 2002/91/EC and 2006/
32/EC are still only ostensibly applied in Greece.

6.2. Annual rate of lignite’s substitution ‘‘n”

If discussing on the annual substitution rate of lignite in the
electricity generation mix, a more mild variation range should be
undertaken. Although the 2010 target did ‘‘dictate” the installation
of approximately 7 GW of cumulative RES power (mainly sup-
ported by wind energy and small hydro units, turnkey cost
700 €/kW and 1200 €/kW, respectively), the required 9.5% annual
increase of the RES share (base year 2005) in the national electric-
ity generation with analogous ‘‘n” rates is not expected to be
accomplished. On the other hand, considering the up to now situ-
ation, a substantial substitution may be mainly expected by the
further promotion of natural gas in the years to come, not however
diminishing a potential boom in the RES market as well. Any case
given, the substitution rate is not expected to break a relatively
narrow range of variation around the selected 1% per year. Besides,
one should pay some attention on the cost issues as well. For
example, for a 2% substitution of lignite electricity generation by
neration Increase Rate "e"
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wind farms the annual installation of 350 MW of wind power sug-
gests a cost of almost 250 M€, showing the intensity of investments
required. Currently, negative values of ‘‘n” demonstrating a de-
crease trend presume a countable national demand increase to
mind and a contribution share of all other alternatives (natural
gas, renewables) remaining relatively stable. As previously dis-
cussed, the contribution of RES-based electricity generation in
the Greek electricity fuel mix comprises a typical example for this
to realize [51]. The results obtained are well demonstrated in
Fig. 13. In accordance to the range selected, one can clearly notice
the rapid increase of depletion time for ‘‘n” values greater than
1.5%. In fact, if a substitution rate greater than 1.75% per annum
is achieved, an important part of the local lignite reserves may
be sustained in the course of time. In Fig. 14, values of ‘‘n” related
to the electricity demand rate ‘‘e”, under the hypothesis of zero
new reserves’ localization (k = 0%), suggest the lignite’s depletion
time upper limits. More specifically, by combining the resulting
non-depletion critical points (combinations ‘‘n–e”) the curve of
sustainability for the local lignite reserves may arise. Consequently,
the values on the right of this curve, clearly demonstrating consid-
erable substitution of the lignite-based electricity generation from
other energy sources, support the scenario of the national energy
reserves’ conservation.
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6.3. Annual rate of lignite’s reserves electricity content increase ‘‘k”

In case that the ‘‘k” coefficient representing the rate of domestic
lignite’s reserves electricity content increase (e.g. new reserves’
localization, increase of lignite-based power station efficiency) on
an annual basis becomes zero, i.e. the proven reserves of lignite en-
ergy content remains constant and equal to the one adopted during
the reference year, the depletion time of lignite equals to 32.6
years. On the other hand, a 5% increase rate may significantly ex-
tend the lignite’s life for more than 70 years (see Fig. 15). Either
way, although the impact of new reserves’ localization does have
an important influence on the lignite’s depletion time, it is impor-
tant to emphasize on the fact that the corresponding factor pre-
sents less options of ‘‘controlling”. On the other hand, the
parameter of substitution for example may derive as a result of a
sophisticated energy planning and be afterwards adopted.

6.4. Total base year proven reserves ‘‘Eto”

Finally, it is interesting to investigate on the resulting time of
depletion if a hypothetical variation of the total proven reserves
is considered. Although such a scenario is only theoretical, given
the case study used one may prove that the depletion time varia-
gnite Reserves 
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tion may be granted as practically independent (after a certain
point of available reserves) from the lignite reserves being avail-
able. This theoretical approach introduces multiplication factors
on the logarithmic scale of ten (�10, �100, �1,000 and �10,000
times). As expected, by increasing the existing proven reserves,
the prolongation of the depletion time is de facto (Fig. 16). How-
ever, after exceeding the 2 � 106 TWhe of electrical energy content,
the depletion time variation smoothes and tends to a more stable
state. Even if the existing domestic lignite reserves were one thou-
sand(!) times the up to now located ones, the corresponding deple-
tion time would increase by only 200 years, Fig. 16. Although not
describing a realistic scenario (especially in the highest of the mul-
tiplication scales selected), the impact of multiple proven reserves
on the depletion time illustrates the greater importance ascribed to
the impact of the rest parameters considered. More specifically,
from the present analysis, the need for energy saving measures
and for the lignite’s gradual substitution acceleration, i.e. ‘‘e”
reduction and ‘‘n” increase respectively, is becoming evident.

6.5. Sensitivity analysis

In Fig. 17, the impact of all major parameters affecting the
investigated problem is illustrated. Given a base scenario
(‘‘e” = 3%, ‘‘b” = 34%, ‘‘k” = 3% and ‘‘n” = 1%) a sensitivity analysis
deriving from the relative variation (Table 1) of parameters se-
lected (in relation with the base scenario) shall point out the mag-
nitude of impact each of the parameters implies, always in concern
to the depletion time of lignite, i.e. in what level does each of the
parameters affect the depletion time under the condition of the
same percentage variation. More specifically, the parameters of
the annual electricity generation increase rate ‘‘e”, the substitution
rate of lignite-based electricity generation ‘‘n” and the lignite’s re-
serves energy content increase rate ‘‘k” are co-evaluated. As noted
from this figure, the national electricity generation increase rate
per annum along with the lignite reserves’ energy content increase
rate, comprise the two most influential parameters, described by
an exactly converse behaviour. Concerning ‘‘e”, if an increase is
to be concerned, the acceleration of the lignite’s reserves depletion
is expected. On the other hand, an analogous increase for the ‘‘k”
value entails the exactly opposite result, i.e. the lignite’s reserves
life-expectancy prolongation. What must be underlined though is
the narrow margin of control – mainly attributed to the parameter
of ‘‘k” – which depends on new reserves’ localization or on techno-
logical improvements of the entire lignite exploitation process. On
the contrary, the parameter of ‘‘e” may be influenced in a more
decisive way under measures and policies supporting energy sav-
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ing. Regarding the parameter of ‘‘n”, presenting in most cases the
mildest impact on the depletion time variation, it may comprise
the result of a sophisticated national energy planning based on
RES and natural gas faster penetration in the local market. More
specifically, by adopting gradually increasing substitution rates,
thought to suggest the most feasible of the potential mitigation
scenarios, a considerable extension of the local lignite’s’ reserves
may be encountered. Note that the non-depletion lignite reserves
scenario may be realized in case that the ‘‘n” value increases by
more than 75% in relation with the central value of Table 1 (see
also Fig. 14).

7. Conclusions

Since having established the dominant role of lignite in the
country’s electrification as well as in the entire time evolution
of the national electricity demand’s satisfaction, in the present
study, a retrospect of the up to now participation of lignite in
the indigenous electricity generation along with a numerical anal-
ysis setting the future prospects ascribed to the latter, have both
been set forth.

By investigating the characteristics of the local lignite, the posi-
tive impacts featuring the latter point out the significance of the
lowest – among the EU-15-electricity price provided to final con-
sumption (52% less than the European average kept at 14.3 €/
100 kWh for domestic use in 2005), the circumvention of exchange
losses (over 80 million oil barrels suggesting a 4.5 billion € exchange
loss per annum), the development of local societies and the coun-
try’s as a whole, and the acquisition of the technological knowledge
regarding the corresponding production chain. On the other hand,
the local lignite’s utilization is accused of serious environmental
damage caused by air emissions (over 35 Mtons of CO2 and approx-
imately 280 ktons of SO2 annually), water and land resources use,
water discharges and solid waste generation. The gradual degrada-
tion of reserves, the low-efficiency rates presented by the power
stations in operation and the appearing prospect of depletion in less
than 30 years comprise additional drawbacks to mind.

The sensitivity analysis realized and studying the influence of
certain major parameters’ variation on the life-expectancy of the
lignite’s total reserves shows that the master catalysts affecting
the time of depletion are the rate of annual electricity demand in-
crease ‘‘e” and the lignite’s reserves electricity content increase
rate ‘‘k”. In concern to the parameter of lignite’s substitution ‘‘n”
and the hypothesis of the total proven reserves’ variation, the for-
mer presented a more temperate impact to account while the lat-
ter, although not co-evaluated with the rest parameters, tended
after a certain point to demonstrate a stabilizing behaviour. How-
ever, when ‘‘n” exceeds a specific numerical value –mainly depend-
ing on the corresponding ‘‘e” value – the sustainability of the local
lignite reserves may be safeguarded. It is important to note that the
future values of the ‘‘n” and ‘‘e” parameters may be decided by a
sophisticated national energy planning supporting the application
of appropriate energy management measures and policies, there-
fore serving the scope of the local reserves’ sustainability.

In conclusion, if the terminus is to prolong the exploitation of
lignite in the national electricity fuel mix and in parallel ensure
the retaining of the national strategic reserves, the critical issue
of configuring an energy policy prompting the decrease of the cur-
rent electricity consumption rate and carefully examining the
gradual substitution of lignite should be of paramount importance.
Besides, in order to safeguard continuous life quality amelioration,
one should take into consideration the issues of energy supply
security, environmental protection, regional development and
maximum permitted exploitation of indigenous resources. Finally,
it is essential to state that any form of energy should neither be a
priori rejected nor idealized.
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